Mercury resistant (Hgr) bacteria were isolated from four terrestrial sites: three containing high levels of mercury (sites T12, SE, and SO) and one uncontaminated site (SB). The frequencies of Hg' bacteria in the total cultivable populations were 0.05% (SB), 0.69%o (SO), 4.8% (SE), and 25% (T2). Between 35 and 100o of the isolates from the four sites contained DNA sequences homologous to a DNA probe from the mercury resistance (mer) operon of the TnSO1 Hg' determinant. The mer sequences of 10 TnSOl-homologous Hg' determinants from each site were amplified by the polymerase chain reaction, with primers designed to consensus sequences of the mer determinants of TnSOl, Tn2l, and pMJ100, and were classified on the basis of the size of the amplified product and the restriction fragment length polymorphism pattern. Two main groups of amplification product were identified. The first, represented by the T2 and SB isolates and one SE isolate, gave an amplification product indistinguishable in size from that amplified from TnSOl (-1,010 bp). The second group, represented by the SO isolates and the majority of the SE isolates, produced larger amplification products of 1,040 or 1,060 bp. Restriction fragment length polymorphism analysis revealed that each amplification product size group could be further subdivided into five subgroups.
Bacterial resistance to mercury compounds in soils and waters has been reported frequently (19, 22, 37) . The molecular mechanisms of resistance to both inorganic mercury (Hg2+) and to the more toxic organomercurials, e.g., phenyl mercuric acetate and methyl mercury, have been extensively studied (27) . Several mercury resistance (mer) determinants have been sequenced, and of these most is known about the gram-negative, narrow-spectrum systems carried on the transposons TnSOl and Tn2l which confer resistance to Hg2+ ions but not to organomercurials. In these systems, Hg2+ ions are transported into the cell by the periplasmic and membrane-associated gene products of merP and merT, respectively. Once in the cell, mercuric reductase catalyzes an NADPH-dependent reduction of Hg2+ to the less toxic elemental mercury (Hge) which volatilizes from the cell. The structural genes and the merR gene are transcribed divergently, with the product of the merR gene both positively and negatively regulating mer gene transcription. Upon binding Hg2+, MerR undergoes a conformational change allowing transcription of the mer operon by RNA polymerase. In the broad-spectrum mer determinant, pDU1358, resistance to organomercurials is encoded by organomercurial lyase (15) , which cleaves the mercuric ion from the organo moiety, allowing subsequent reduction of Hg2I to Hgo by mercuric reductase.
In many cases, mercury resistance (Hgr) is associated with conjugative plasmids and/or transposons (19, 21, 34) , which can facilitate the horizontal transfer and dissemination of mer genes through bacterial populations. These bacterial populations will be subject to selection if exposed to mercury compounds. The frequent presence of mercury in natural environments and the widespread occurrence of * Corresponding author. mercury resistance among bacteria from these environments provide an excellent opportunity to investigate the patterns of adaptation of microbial communities to environmental stress. To better understand this adaptive process, it would be valuable to know the extent of the genetic diversity of mer determinants within particular environments and additionally the degree of genetic diversity between environments.
Several different approaches have been used to investigate both the distribution and divergence of mer determinants in natural environments. Initially, Barkay et al. (1) used a 2.6-kb probe to detect Tn2l-homologous determinants by DNA-DNA hybridization in natural isolates. This was followed by more-extensive hybridization studies using a series of mer probes against DNA isolated from bacteria both from culture collections (14) and from natural environments (37). Barkay et al. (2) also hybridized mer probes to DNA extracted directly from water to investigate the distribution of mer genes in the total biomass. More recently, oligonucleotide probes designed to consensus sequences of mer determinants were used to detect mer genes in bacteria isolated from the Rhine following mercury contamination of the river (26) . Diversity of mer genes has also been demonstrated by restriction endonuclease and polypeptide analysis of mer determinants from conjugative plasmids (19, 20, 33) and by the immunological typing of mercuric reductases (5) . It is likely that considerably more genetic diversity exists than has been detected by these methods. Furthermore, any analysis of bacterial population diversity must ultimately embrace the entire population and therefore be directed at the total bacterial DNA, rather than the DNA from cultivable bacteria. Increasing use is now being made of the polymerase chain reaction (PCR) in the study of gene divergence in bacteria (24, 29) and for detection of genes in natural populations (7) . Together with the more refined levels of analysis provided by restriction fragment length polymorphisms (RFLP) or nucleotide sequence data, this technique should allow a much more comprehensive analysis of genetic diversity within bacterial populations.
In this study we report the use of the PCR, coupled with RFLP analysis, to investigate the diversity of mer gene sequences in bacteria isolated from different terrestrial environments. The aim of this study was twofold: first, to define the extent of variation between mer sequences from cultivable bacteria, both within and between populations from different environments, and second, to validate the PCR-RFLP analysis by using cultivable organisms prior to a study of total biomass DNA and hence enable a comparison of the cultivable and total bacterial populations to be made.
MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli AB1157 (Smr) was the host to all plasmids used in this study.
Plasmids used were: Col IBP9 (cib cib'mm) (9) , R391 (Hgr Kmr) (10), pSP200 (Hgr Cmr) (33), pACYC184::TnS01 (Hgr Cmr) (6), pMJ100 (Hgr Cmr) (20) , pHG106 (Hgr [broad spectrum] Cmr) (15), pMER419 (Hgr) (19) , and pMJ501 (Hgr Cmr) (20 DNA from each isolate were electrophoresed on an agarose-TBE gel. Control DNA from strains of E. coli AB1157 bearing the plasmids pACYC184::TnSOl, pMER419, pMJ100, pHG106, and pMJ501 (positive controls) and R391, pSP200, and Col 1BP9 (negative controls) were similarly treated. By a comparison of band intensities against standards of a kilobase DNA ladder (GIBCO-BRL), equivalent amounts of DNA from each isolate were estimated with subsequent denaturation by the addition of 10 ,ul of 0.2 N NaOH. By using a dot blot manifold, DNA was transferred to a Genescreen hybridization transfer membrane (Dupont). Subsequent hybridization with the mer probe was performed as recommended by the Genescreen instruction manual, with duplicate 100-ml washes in (i) 0.3 M NaCl, 0.06 M Tris-HCl and P (5'-GGG GAA TTC TTG AC[TA] GTG ATC GGG CA-3') were designed to regions conserved in the mercury resistance determinants: TnSOl (28) , Tn2l (3) , and pMJ100 (17) . Primers amplify a region containing intact merR and merT genes and the 5' end of merP (merRTAP).
PCR amplification. Target DNA from cultivable organisms was prepared by the method of Gussow and Clackson (16) , except that bacterial colonies resuspended in sterile distilled water were boiled for 10 instead of 5 min to ensure lysis. TnSOl template DNA was prepared by using the alkaline lysis extraction procedure (4) on pACYC184::TnSOl from E. coli AB1157. Amplification of merRTAP regions was performed for 28 cycles (with a Genetic Research Instruments PTC-100 V2.0). Each cycle consisted of a denaturation step (1 min, 94°C), an annealing step (1 min, 62°C), and an extension step (2 min, 72°C). After the last cycle, extension was continued for a further 10 min to allow the reaction to go to completion. The PCR contained target DNA (50 ,ul of the bacterial lysate or 0.06 ,ug of TnSOl), 30 pmol of each oligonucleotide primer, 50 I1M each deoxynucleoside triphosphate (dATP, dCTP, dGTP, and dTIT), and 2.5 U of Taq DNA polymerase and 10 ,ul of the supplier's (Boehringer Mannheim) 10x Taq DNA polymerase buffer and was made up to a total volume of 100 ,ul with sterile distilled water and overlaid with 100 ,ul of mineral oil.
Hybridization and restriction analysis of the PCR products. From each of the four soil samples, 10 Hgr isolates bearing Tn501-homologous mer sequences were chosen for further study. By using the primers R and P, PCR amplification of DNA was detected from all 40 isolates and from the positive control, TnSOJ, whereas no amplification was observed following PCR of sterile distilled water (Fig. 1) Fig. 2 and 3 ). Five isolates from SB yielded amplified mer regions which had restriction patterns identical to that of the amplified mer region from Tn5OI ( ( Fig. 3 and Table 2 ). Treeing algorithms derived from these values consistently grouped mer sequences from these isolates into two distinct subsets. This division is seen clearly in the neighbor-joining UPGMA dendogram (Fig. 4) .
API identification of Hg' isolates. The 40 environmental isolates were identified to at least genus level by Gram staining and subsequent biochemical tests (API 20E and 20NE kits). Seven genera were identified, and 30 isolates were identified to species level (Table 3) . Species diversity was greatest amongst the T2 and the SE isolates (five and four different species, respectively). SO and SB bacterial populations showed little diversity amongst the isolates studied. Of the 10 isolates from SO, 9 were Enterobacter cloacae and composed the class G isolates. Class C also consisted of bacteria from one species only; however, classes B, H, I, and J exhibited species diversity (Tables 2  and 3 ).
DISCUSSION
The proportion of cultivable Hgr bacteria in each soil sample was determined. Values ranged from 0.05 to 25% and were within the range of Hgr frequencies (0.007 to 49%) cited by Rochelle et al. (37) . Much of this variation may be due to differences in mercury levels amongst the soil samples studied and the bacterial populations therein. However, a direct comparison of these values with those from previous studies is not possible, as variation may be due to differences between the metal-binding properties of the media used (35) and to the different HgCl2 concentrations used in the media. As expected, frequencies of Hgr isolates were lowest in the population at SB, chosen originally as a control site believed to have low levels of mercury. Hgr isolate levels in the other soil samples, which are known to be contaminated with mercury, were higher, although the levels observed in the SO population were lower than expected in view of the higher mercury soil concentration. Previous studies have shown a marked correlation between the number of Hgr bacteria and the environmental mercury content (22, 41) . The low numbers of resistant isolates amongst the SO population may be a result of levels of available mercury being low in this soil compared with the total mercury content, thereby reducing the selection pressure. Alternatively, the use of direct selection with high levels of HgCl2, without prior induction, may have inhibited the growth of some Hgr bacteria (34) .
DNA hybridization to the TnSOl mer probe showed that all of the SB Hgr isolates and a large majority of the SO Hgr isolates carried mer genes homologous to the archetypal Tn501 and Tn2l resistance determinants. This lack of variation amongst SB isolates directly contradicts the results of Olson et al. (30) , who suggest mer gene variation is greater in soils with lower total mercury levels. This lack of observed diversity may be due in part to the limited species diversity observed in both soils amongst the Hgr cultivable isolates TnSOI, SB2, SB4, SE3, SE9, SE18,   C   D  E  F  S01, S02, S03, S05, SB3, SB5, SB12,  I  T2:12, T2:19, T2:23,  SB8, SB22,  SE23, SE35, SE6, SEll SE12 SE20 SE31  S06, S07, S08,  SB13, SB24, T2:7, T2:17  T2:37, T2:38,  SB29  S012  S09, S013  T2: a Similarity coefficients (s) were calculated by using the formula s = 100 (n>,./n. + ny), where n.,, is the number of bands shared between a pair of isolates (x and y), and nx and ny are the number of bands of strains x and y, respectively. (Table 3) . A minority of Hgr isolates from SE and T2 bore mer sequences that were homologous to TnSOl. The majority of isolates from these locations may employ a resistance mechanism other than volatilization, such as methylation, or their mer determinants may be divergent from archetypal sequences. Given the proximity of the two samples and the possibility of bacterial movement due to tidal activity, it is of particular note that the two Fig. 3 and 4) . The SB isolates were all of the genus Pseudomonas (Table 3) , and although this genus is particularly diverse, it is perhaps of note that TnSOI was originally isolated from a strain of Pseudomonas aeruginosa (40) . The greatest variation was observed between the isolates from SE, with 10 isolates divided across five different classes and amplification products of three different sizes (Table 2 ; Fig. 1 and 3) . The SO isolates exhibited the least variation, with 9 of the 10 isolates sharing an amplified product with the same restriction pattern. These nine isolates were all presumptively identified as E. cloacae (Table  3) . However, in SE and T2, single bacterial species bear divergent mer determinants, whilst common mer determinants are found in more than one species (Tables 2 and 3 ), suggesting that mer determinant sequence variation is not species specific.
The PCR-RFLP analysis also showed that there were two distinct subgroups of gram-negative mer determinant between these populations (Fig. 4) , one comprising the isolates from T2 and SB and one SE isolate (classes A, E, H, I, and J), and the other subgroup comprising the 19 remaining Fiddlers Ferry isolates (classes B, C, D, F, and G). This observation was immediately obvious from the difference in PCR product size (Fig. 1) and was confirmed upon subsequent RFLP analysis. Initial sequence analysis of these isolates (32) suggests that the two subgroups may be divided into TnS01-Tn21-type sequences and pKLH2-pDU1358-pMJ100-type sequences. This division is consistent with a dendogram based on MerR protein homologies (39) . Thus, it would seem that this division has a geographical basis, with cultivable Mersey isolates bearing pKLH2-pDU1358-pMJ100-type mer determinants, whilst TnS01-Tn21-type determinants are predominant amongst T2 and SB cultivable isolates. It is of note that some of the mer determinants isolated from the river Mersey by Jobling et al. (19, 20) , e.g., pMJ100 and pMJ501, bear considerable homology to the transposon TnSO53 and to pKLH2, respectively (18) . The latter two determinants were isolated from a Russian antimony and mercury mine.
This study has revealed wide-ranging genetic diversity among the mer genes from bacteria isolated from a wide range of mercury-contaminated and uncontaminated sites. Diversity has been observed in both the length and sequence of the mer genes and is completely masked when these sequences are screened by DNA-DNA hybridization with a TnSO1 probe. Moreover, it is clear that the level and type of sequence diversity are population specific and that considerable variation exists between populations. We conclude that PCR-RFLP analysis is a very sensitive method for detecting divergence. Coupled with the extraction of native DNA directly from bacterial soil populations (7), this method is being used to define and analyze the divergence and distribution of mer genes in the total bacterial populations of terrestrial ecosystems.
